The abundances and activities of aerobic methane-oxidizing bacteria (MOB) were compared in depth profiles of littoral and profundal sediments of Lake Constance, Germany. Abundances were determined by quantitative PCR (qPCR) targeting the pmoA gene and by fluorescence in situ hybridization (FISH), and data were compared to methane oxidation rates calculated from high-resolution concentration profiles. qPCR using type I MOB-specific pmoA primers indicated that type I MOB represented a major proportion in both sediments at all depths. FISH indicated that in both sediments, type I MOB outnumbered type II MOB at least fourfold. Results obtained with both techniques indicated that in the littoral sediment, the highest numbers of methanotrophs were found at a depth of 2 to 3 cm, corresponding to the zone of highest methane oxidation activity, although no oxygen could be detected in this zone. In the profundal sediment, highest methane oxidation activities were found at a depth of 1 to 2 cm, while MOB abundance decreased gradually with sediment depth. In both sediments, MOB were also present at high numbers in deeper sediment layers where no methane oxidation activity could be observed.
Methane is formed by natural processes and by anthropogenic processes and is 25 times more effective as a greenhouse gas than carbon dioxide (18) . Methane emissions from lakes contribute about 6 to 16% of the total nonanthropogenic global methane emission (4) . Microbial methane oxidation is an important process for prevention of the escape of the methane produced in anoxic sediment layers (4, 61) to the atmosphere and ultimately controls global warming.
In mesotrophic or oligotrophic lakes that are oxic down to the sediment surface, aerobic oxidation of methane occurs at the sediment-water interface (35) . Methane oxidation in freshwater lakes was considered to be an exclusively aerobic process (24, 34) , but recently, anaerobic oxidation of methane in Lake Plußsee has been reported (21) . In Lake Constance, a large, deep, oligotrophic lake, methane production and oxidation processes have been studied intensively in the past (7, 58) . Recently, a diffusion methane sensor was used to measure methane profiles at millimeter-level resolution both in littoral sediments and in profundal sediments of Lake Constance (14) . The sensor consists of a steel cannula with small openings, which are covered by thin silicone tubing. Methane diffuses into the cannula and is flushed directly to a flame ionization detector for quantification.
Aerobic methane-oxidizing bacteria (MOB) have been classified as type I and type II methanotrophs based on their phylogenetic position, carbon assimilation pathways, and the arrangement of intracellular membranes, and they belong to the classes Gammaproteobacteria and Alphaproteobacteria, respectively (9) . Very recently, Verrucomicrobium-like bacteria have also been reported to oxidize methane in acidic environments (28, 44) . MOB from natural ecosystems such as soil, rice paddies, freshwater marshes, and lakes have been quantified by cultivation methods like the most-probable-number method (MPN) (12, 21) and gradient cultivation (13) and by cultureindependent techniques such as Southern hybridization with probes for the pmoA or the mmoX gene (3, 17) , phospholipid fatty acid profiles (60) , methane oxidation rates (37) , fluorescence in-situ hybridization (FISH) (15, 22) , and quantitative real-time PCR (qPCR) (32) . Using quantitative cultivation of methanotrophs in the littoral sediment of Lake Constance, we determined 10 4 cells per ml by the MPN method in microtiter plates (12) and up to 10 5 cells per ml by gradient cultivation (13) .
Littoral sediments differ from profundal sediments by their exposure to daily light/dark cycles (26) , their higher content of organics, and the frequency of disturbances by either bioturbation or sediment resuspension (62) . We therefore expected major differences in community structures (49) and abundances of methanotrophs in these two different compartments of the lake.
In the present study, we determined methanotrophic abundance at high spatial resolution by using two independent molecular methods, qPCR targeting the pmoA gene and FISH targeting 16S rRNA. The abundance of MOB was correlated with the rates of methane oxidation calculated from highresolution profiles of methane concentrations in the littoral and profundal sediments of Lake Constance.
MATERIALS AND METHODS

Sediment sampling.
Littoral sediment samples were collected by scuba diving from the lower infralittoral zone ("Litoralgarten") of Lake Constance at a water depth of 2 to 5 m. Profundal sediment was collected with a ship-borne multicorer from a depth of 80 m in the "Ü berlinger See." Littoral and profundal sediment cores were collected in late winter (February and April 2007) and were taken to the laboratory within 0.5 to 3 h. To simulate in situ conditions, cores were kept in a water bath at in situ temperature and their surface was flushed continuously with aerated lake water. Water temperatures were 5°C for the profundal core in February 2007 and 8°C for the littoral core in April 2007. The methane and oxygen sensors were calibrated before sediment sampling, and measurements started within 30 min after arrival.
Density and porosity of the sediment samples were determined by drying 0.5-cm slices of sediment for 2 days at 70°C (data determined as wet weight and dry weight), followed by volume determination of the dried sediment in 50-ml volumetric flasks (according to the method described at http://www.ifm-geomar .de/index.php?id ϭ mg_dichtebestimmung). The littoral sediment, with a porosity of 0.54 to 0.62, consisted of fine sand. The profundal sediment, with a porosity of 0.85 to 0.89, consisted of fine-grained material and clay.
Microsensor profiles and methane oxidation activities. Upon retrieval of the sediment cores, three to five oxygen profiles were measured with a Clark-type microelectrode (Ox-50; Unisense, Denmark). The oxygen sensor was two-point calibrated in air-saturated water and in anoxic sediment. The detection limit was 0.3 mol liter Ϫ1 . Molar concentrations of oxygen were calculated according to the methods used in reference 25. The sensor was mounted on a micromanipulator and was moved into the sediment at 0.5-mm steps.
Methane profiles of high spatial resolution were determined with a diffusionbased microsensor (14) . For calibration, three methane standard solutions were prepared with glass beads to mimic sediment diffusivity (14) . Standard solutions were incubated in a water bath at the respective in situ temperatures. The aerated water bath was taken as a zero-methane standard. Additional standards contained 3, 44, and 93 M of methane. The detection limit was 2 mol liter Ϫ1 . The relative accuracy of the sensor was Ϯ15% with a precision of Ϯ7.5%. Methane in sediment cores was measured in three parallel profiles at 2-mm intervals to a depth of 6 cm.
Depth profiles of methane oxidation and production were calculated by two methods. One method used was a computer-implemented diffusion-reaction model (5) . In a first step, the best-fitting concentration profile was calculated. In the next step, the simplest production-consumption profile that reproduces the concentration profile was chosen. The other method was an application of Fick's second law of diffusion to the best-fitting concentration profile. The calculated activities were then smoothed by a running average. Sediment diffusivity (D s ) was determined by the equation D s ϭ ⌽ 2 ϫ D, where ⌽ is porosity and D is the diffusivity of methane in free water. The methane diffusion coefficient ranged from 1.13 ϫ 10 Ϫ5 cm 2 s Ϫ1 at 5°C to 1.25 10 Ϫ5 cm 2 s Ϫ1 at 8°C, for profundal and littoral sediments, respectively (gas tables from Unisense, Denmark). The in situ biodiffusivities for profundal and littoral sediments were calculated by multiplying D b (biodiffusion coefficient for each organism group) by the average in situ density of the respective group (39) .
Sample preservation and DNA isolation. After the methane and oxygen profiles were measured, the uppermost 5-cm parts of the sediment cores were cut into 0.5-cm slices and stored at Ϫ20°C. DNA was extracted from 300 to 400 mg wet sediment by using the Fast DNA spin kit for soil (MP Biomedicals Germany). The final concentration of the diluted DNA was determined by the Sybr green quantification method (with Sybr green I; Cambrex Bioscience, Maine) (63) .
PCR and qPCR. Trial qPCR assays, namely, MTOT, MBAC and TYPEII, as described in reference 32, were run using DNA from littoral and profundal sediments as templates. The MTOT assay (with the A189f-mb661r primer set [2] ) has been designed to quantify the pmoA gene as a target for all methanotrophs (32) . For this assay, a plasmid carrying the pmoA clone (littoral site 1, clone 12, NCBI accession number DQ235460) from the pmoA clone library of DNA found from the Lake Constance littoral sediment was used as a standard (49) . For exact quantification, the concentration of the plasmid was determined by the Sybr green quantification method. pmoA target molecules per ng of DNA were calculated assuming a molecular mass of 660 Da per DNA base pair (23) . A dilution series with 10-fold dilution steps resulting in 10 1 to 10 7 target molecules of DNA l Ϫ1 was used as standards.
Usually a small amount (i.e., 1 to 2 ng) of sediment DNA was used in a 20-l PCR mixture, to avoid any possible effects of PCR inhibitors in the sediment DNA. Power Sybr green qPCR kit (Applied Biosystems) was used, and the qPCR was performed in an ABI-7500 instrument (Applied Biosystems). The reaction mixture consisted of 10 l of the master mix and 10 pmol of each primer in a final 20-l reaction mixture. Melting curve analyses were performed with samples and standard assays from which the data acquisition temperature was calculated. The data acquisition temperature is the temperature above the melting temperature of the primer dimers and was determined to be 77.5°C for the MTOT assay. The qPCR program for the MTOT assay was modified as follows: 94°C for 15 s, 56°C for 30 s, and 60°C for 30 s, and data acquisition at 77.5°C for 34 s for 40 cycles followed by denaturation. All standards and samples were used in triplicate.
Standard graphs of threshold cycle were plotted against the logarithm of the copy number. The copy numbers of the samples were calculated with the help of 7500 system SDS software (Applied Biosystems) or with Microsoft Excel.
The MBAC assay targeting the Methylobacter/Methylosarcina group was found not to amplify all the pmoA sequences retrieved from Lake Constance (13) . Therefore, a new qPCR assay was developed to detect the abundance of type I MOB in Lake Constance (LC type I assay) by designing a reverse degenerate primer, LC Type I r (5ЈTTCTDACRTAGTGGTAACC3Ј), to cover the detected pmoA diversity of type I MOB from Lake Constance (13) . The specificity of the reverse primers was checked by performing a BLAST search at the NCBI site (http://www.ncbi.nlm.nih.gov/) (1), using the MegAlign program in the DNA-STAR software and using the ARB software package (version 2.5b; http://www .arb-home.de) (38) . Annealing temperatures were determined by amplifying this particular region of the pmoA gene from a pmoA clone (littoral site 1, clone 12, accession number DQ235460) (49) , for which only a single band of correct size was obtained and annealing and data acquisition temperatures of 54°C and 78°C, respectively, were determined. The LC type I assay was additionally validated by creating clone libraries from the sediment, using this primer set, and it was found that all clones belonged to type I methanotrophs.
With qPCR, we detected positive products of correct size with the MTOT assay (total methanotrophs), the MBAC assay (for Methylobacter/Methylosarcina type I methanotrophs) (32) , and the LC type I assay (this study) but did not get any amplification for the type II MOB-specific assay at the annealing temperature mentioned in reference 32. Thus, only the MTOT assay and the LC type I assay were used further for quantifying the total pmoA genes and pmoA genes of type I methanotrophs, respectively.
For estimation of the bacterial 16S rRNA gene copy numbers, bacterial primers Eub338 and Eub518r (23) were used. The same program as described for the two PCRs described above was used except that the annealing temperature was 53°C, and a plasmid containing a 16S rRNA gene fragment was used as a standard after appropriate dilutions.
Finally, to compare the cell numbers obtained by FISH with those obtained by qPCR, pmoA copy numbers were divided by 2 (average copy number of pmoA in methanotrophs) (32) , and for total bacteria, the copy numbers were divided by 4 (16) .
Standard errors for qPCR were on average 0.1 ϫ 10 7 bacteria per g of sediment (wet weight) for the MOB from the littoral sediment (in both the MTOT assay and the LC type I assay), and on average 0.7 ϫ 10 7 bacteria per g of sediment (wet weight) for the MOB from the profundal sediment (in both the MTOT assay and the LC type I assay). The standard errors for the total bacterial assay for the littoral and profundal sediments were 0.1 ϫ 10 9 and 0.2 ϫ 10 9 per g of sediment (wet weight), respectively.
Extraction of cells from the sediment and FISH. FISH was performed on samples collected in February and April 2007. Immediately after the sediment was sliced, samples of 240 to 820 mg (fresh weight) were fixed by the addition of formalin to a 4% final formaldehyde concentration and incubation at room temperature for at least 1 h or overnight at 4°C. Formaldehyde was removed by centrifugation at 10,000 ϫ g for 2 min. The supernatant was removed, and 1 ml of 1ϫ phosphate-buffered saline (PBS), 160 l of Na-pyrophosphate (0.1 M), and 1 drop of Tween 80 was added to the pellet. The suspension was mixed vigorously for one minute and then incubated at room temperature for 30 min. After a further brief mixing, the samples were centrifuged for 2 min at 720 ϫ g and the pellet was washed twice with 1 ml PBS in a similar way. All three supernatants were pooled and centrifuged for 10 min at 14,000 ϫ g. The obtained cell pellet was resuspended in 100 l of PBS-ethanol mix (1:1). After sonication for eight short intervals (in total, 10 s) at cycle 0.5/amplitude 50 (instrument settings), samples were stored at Ϫ20°C. Extraction efficiency was checked with three littoral sediment samples, three profundal sediment samples, and three stored fixed sediment samples. For an estimate of the extraction efficiency of our protocol, we counted the bacterial numbers after each extraction step. The third extraction step yielded less than 20% of the total number of extracted cells. Therefore a fourth extraction step was omitted. Sonication of the samples (15 intervals at cycle 0.5/amplitude 50) increased the total bacterial count by 20%, but the background fluorescence of the sediment increased dramatically to render counting, especially of profundal sediment samples, barely possible.
FISH was performed in 10-well microscopic slides (Roth, Germany) with 10 l of sample that had been sonicated briefly once more, as described in reference 22, and stained with DAPI (4Ј,6-diamidino-2-phenylindole; 1 g/ml). Hybridizations with probes for type I and type II methanotrophs were performed separately but combined with the Eub338 probe linked to fluorescein. Probes used for type I methanotrophs were Cy3-linked M␥84 and M␥705 (22) and Cy3-linked M␣450 for type II methanotrophs (22) . All probes were purchased from Thermo-Hybaid (Germany).
Slides were dried, Citifluor antifading agent (Citifluor Ltd., United Kingdom) was added, and the slides were stored at Ϫ20°C until counting. Slides were observed with an Axiophot fluorescence microscope (Zeiss) with the filter sets suitable for observing DAPI, Cy3, and fluorescein and photographed with a cooled charge-coupled-device camera (Magnafire; INTAS). Only cells showing clear signals with all three excitation filters and fluorescing in the proper colors were counted as methanotrophs. For calculation of final numbers, we used a calculation similar to that used in reference 19 except that at minimum 35 fields of view were counted, and this number would correspond to 11,000 to 140,000 DAPI counts.
For DAPI, only five squares were counted. Cells were found evenly distributed on the slides. Because of the high background fluorescence of the sediment, only brightly fluorescing cells were counted. Bacterial cells hybridized with the Eub338 probe were not counted, because background fluorescence of sediment particles was too high for reliable counts with the corresponding filter to be obtained. However, differentiation between bacteria and inorganic particles was facilitated by comparison of three pictures with different filters to determine the MOB-specific counts.
RESULTS
Microsensor profiles and activities. The distributions of oxygen and methane in littoral and profundal sediments were analyzed with microsensors at high vertical and horizontal resolutions. In the littoral sediment, the oxic zone was narrow, with oxygen penetrating down to a depth of 0.35 cm (Fig. 1A ).
In the profundal sediment, oxygen penetrated to a depth of 0.65 cm (Fig. 1B) . The highest methane concentrations in the littoral sediment (140 M) were measured at a depth of 5.5 cm. A steep decrease of methane was found at a depth of 2 to 3 cm, and concentrations were close to zero in the uppermost 1 cm. Methane determinations in different months during 2005 and 2006 showed similar profiles (data not shown). In the profundal sediment, a maximum of 113 M of methane was measured at a depth of 6 cm (Fig. 1B) , and there was a linear decrease toward zero in the top 1 cm. By performing additional measurements in the profundal sediment during 2005 and 2006, we observed comparable profiles as well (data not shown).
In order to localize and quantify the zones of methane consumption or methane production, we assumed steady-state conditions. We calculated the activities directly from the concentration gradients and additionally applied a model to the methane profiles (5) .
In the littoral sediment, methane was oxidized in the top 3.5 cm, with a zone of low activity (average, 0.04 mol liter Ϫ1 h Ϫ1 ) in the top 1.6 cm ( Fig. 2A) followed by a zone of higher activity (average, 0.18 mol liter Ϫ1 h Ϫ1 ) from 1.6 to 3.5 cm. Below 3.5-cm sediment depth, methane production started. In total, 4.01 mol methane m Ϫ2 h Ϫ1 was oxidized. Use of the model of Berg et al. (5) revealed the same depth zonation and similar activities (total oxidation rate, 3.4 mol m Ϫ2 h Ϫ1 ).
In the profundal sediment, methane oxidation was restricted to the top 0.5 to 2.3 cm, with an average rate of 0.28 mol liter Ϫ1 h Ϫ1 (Fig. 2B) . The total methane oxidation rate was 5.74 mol m Ϫ2 h Ϫ1 . Within a depth of 2.3 to 5 cm, no notable activity of methane oxidation or production was observed. The methane production zone presumably started below the investigated depth. Use of the model of Berg et al. (5) revealed a much broader zone of methane oxidation, reaching from 0 cm to almost 3 cm. However, the overall methane oxidation rate was almost the same (5.76 mol m Ϫ2 h Ϫ1 ).
For both the profundal sediment and the littoral sediment, we found the zone of methane oxidation extending 2 to 3.5 cm into the sediment, which is significantly deeper than the respective oxygen penetration depths (0.35 and 0.65 cm, respectively).
Abundance of methanotrophs. Quantification of MOB by qPCR of pmoA genes (MTOT assay) revealed that in the littoral sediment (Fig. 3A) , the numbers of methanotrophs as determined by quantification of the pmoA copies in the littoral sediment were slightly lower in the top 0.5 cm (9.6 ϫ 10 6 MOB per g of sediment [wet weight]) than in the sediment below. Their numbers increased with depth and were almost constant down to a depth of 3.5 cm. The highest numbers of MOB were found at a depth of 2 to 3 cm (average of 2.7 ϫ 10 7 MOB per g of sediment [wet weight]). Below 3.5 cm, the pmoA copy number decreased. Type I MOB (in the LC type I assay) constituted a large proportion of total MOB in all layers. They contributed to 60 to 100%, and on average 70%, of the total methanotrophs in terms of copy numbers. In the zone of highest abundance, i.e., 2 to 3 cm, they contributed 70% of the total pmoA copies.
The detection of MOB in the littoral sediment with FISH also showed a clear maximum of MOB abundance at a depth of 2 to 3.5 cm (6 ϫ 10 5 cells per g of sediment [wet weight]). Type II MOB were found in lower numbers (2 ϫ 10 5 per g of sediment [wet weight]). In the upper 4 cm of the sediment, type I MOB were about four times more abundant than type II MOB. Both types were detected down to a depth of 8 cm. Type I methanotrophs were sometimes visible as pairs of cylindrical or elliptical cells. These cells were quite large (2 to 4 m) compared to the other bacteria. The type II methanotrophs were mainly single coccoid cells. According to qPCR analysis, the total number of bacteria in the littoral sediment was maximal in the top 0.5 to 1.5 cm, with 5 ϫ 10 9 bacteria per g of sediment (wet weight) ( Fig. 3A) and on an average 2.8 ϫ 10 9 bacteria per g of sediment (wet weight) were counted at a depth of 4.5 cm. Counting the cells after DAPI staining revealed on average a similar distribution of cells in the top 4.5 cm but numbers lower by 1 order of magnitude (2.1 ϫ 10 8 cells per g of sediment [wet weight]) ( Fig. 3A) . With both methods, the abundance of total bacteria decreased by 1 order of magnitude toward deeper sediment layers.
In the profundal sediment, pmoA qPCR revealed comparable, high MOB numbers at a depth of 0.5 to 1.5 cm, which were around 4 ϫ 10 7 per g (wet weight) ( Fig. 3B ). Numbers decreased only slightly below a depth of 1.5 cm. Average numbers of 2 ϫ 10 7 copies per g fresh sediment were observed at a sediment depth of 2 to 4 cm. Type I MOB (LC type I assay) represented a large proportion, i.e., 65 to 100%, and on average 81%, of the total methanotrophs.
Quantification of MOB with FISH probes revealed in pro- The total numbers of bacteria in the littoral and profundal sediments by qPCR were approximately (4.4 Ϯ 1.1) ϫ 10 9 and (5.0 Ϯ 1.8) ϫ 10 9 bacteria per g of sediment (wet weight), respectively. With DAPI staining, one-tenth as many bacteria were found in each of the two sediments, i.e., 2 ϫ 10 8 cells per g of sediment (wet weight). For both sediments, plots of the ratios of total MOB (sum of type I and type II MOB) to DAPI counts (details not shown) corresponded well depthwise with the zones of methane oxidation. The highest ratios were found in the littoral sediment at a depth between 1.5 and 3.5 cm (zone of high methane oxidation activity) and a depth between 0.5 cm and 2.0 cm in the profundal sediment. According to qPCR results, MOB represented around 0.2 to 0.9% of the total bacteria in the littoral sediment and 0.3 to 0.7% in the profundal sediment. However, the ratios of total MOB to total bacteria when plotted against sediment depths showed a more or less unequal distribution (i.e., a zigzag line).
DISCUSSION
Concentration and activity profiles. Methane consumption and production rates were calculated from high-resolution determinations of methane concentrations in sediment samples. In contrast to the case for previously used methods, the sediment cores were not destroyed and could be used for microbiological investigations afterwards. Additionally, the profile measurements lasted only approximately 3 h, and thus, incubation artifacts could be minimized.
We used two approaches to calculate the methane oxidation rate: direct application of Fick's second law of diffusion and model calculations (5) . For littoral sediment, our calculated flux data (0.46 mol m Ϫ2 h Ϫ1 ) compared well with modeled flux data (0.56 mol m Ϫ2 h Ϫ1 ) and flux data calculated earlier on the basis of sediment core incubations (0.61 mol m Ϫ2 h Ϫ1 ) (11) . The results of the two approaches for the profundal sediment did not agree as well as the results for the littoral sediment. Although the overall methane oxidation rates were similar, the zonations were different. Direct calculation of the activity revealed a zone of methane oxidation activity which was much more consistent with the concentration profiles. From core incubations of profundal sediment of Lake Constance, a methane oxidation rate of 18.7 mol m Ϫ2 h Ϫ1 has been calculated (24) , and this rate is twice as high as the rate we calculated from our data (8.8 mol m Ϫ2 h Ϫ1 ). However, these data were obtained later in the year and at a time when the phosphate content of Lake Constance water was still about six times higher than it is presently. Thus, our estimates of methane oxidation activities appear to represent realistic values for the in situ activity.
In the littoral sediment of Lake Constance, the group of Chironomidae is the most abundant macrofaunal group (41) . In profundal sediments, the Tubificidae are the dominant infauna (54) . Including biodiffusivity in the model did not change the zonation of methane oxidation rates in littoral and profundal sediments. Chironomids dwelling in the top 1 cm of littoral sediment (59) had only a minor influence on the overall methane oxidation rate. Tubificidae with deeper-reaching burrows in profundal sediment increased the overall methane oxidation rate by a factor of 1.7. However, more data on the distribution and activity pattern of the respective infauna would be necessary to assess their influence more precisely.
Methane production rates were calculated based on methane fluxes and oxidation rates. It turned out that in the profundal sediment, about 98% of the produced methane was oxidized, and in the littoral sediment, this value was about 90%. Earlier studies reported 93% methane oxidation in the profundal sediment and 79% in littoral sediment of Lake Constance (7, 24) . It should be noted that these data (7, 24) were obtained when Lake Constance was still rather eutrophic. The overall oxygen consumption rates in littoral and profundal sediment were 250 and 228 mol m Ϫ2 h Ϫ1 . Given a stoichiometry of 2 mol O 2 per mol CH 4 oxidized, methane oxidation contributed to about 3% and 5% of the total oxygen consumption in littoral and profundal sediments, respectively.
Quantification and abundance of methanotrophs. For quantification of methanotrophs, we used two independent molecular methods, namely, qPCR based on the abundance of a functional gene (pmoA) amplified from the DNA obtained from the sediment and FISH based on the hybridization of 16S rRNA with specific probes for type I and type II MOB, to estimate the abundance of total methanotrophs relative to the active fraction. Although FISH and qPCR showed very similar profiles of distribution of MOB in the sediment, there was a considerable difference in the absolute numbers obtained. Under the assumption that every cell contains two copies of the pmoA gene (32), we detected an average of 1.7 ϫ 10 7 MOB cells per g fresh weight in the littoral sediment and 2.5 ϫ 10 7 MOB cells per g fresh weight in the profundal sediment in the upper 4 cm. With FISH, we obtained much lower numbers, i.e., a total of 5.3 ϫ 10 5 MOB per g of sediment (wet weight) in the littoral sediment and 1.4 ϫ 10 5 MOB per g of sediment (wet weight) in the profundal sediment. To explain this discrepancy, we compared clone library data for type I and type II methanotrophs from the study site (49) with the oligonucleotide sequence of the FISH probe and assumed that one mismatch resulted in no detectable signal (20) . Thus, with the FISH probe set we employed (mg705 and mg84), we missed about 32% of the clones present in littoral sediment and about 63% of the profundal clones. When the FISH numbers were corrected for these mismatches, we obtained 7.1 ϫ 10 5 and 3.3 ϫ 10 5 cells per g of sediment (wet weight) for littoral and profundal sediments, respectively. In a comparison of these numbers with the qPCR data, the FISH numbers for the littoral and profundal sediments were still 23 and 75 times lower, respectively.
The high numbers determined by qPCR could be due to the fact that growing cells contain more than one genome copy per VOL. 75, 2009 ABUNDANCE OF METHANOTROPHIC BACTERIA IN LAKE SEDIMENTS 123 on March 13, 2020 by guest http://aem.asm.org/ cell, and this could result in copy numbers being higher than the number of cells (32) . Another reason for this discrepancy could be that binding of the FISH probe to cells depends on the number of rRNA molecules, which in turn depends on the activity status of the cells (8). Thus, inactive or slowly growing cells would not be detected with the FISH method, thus resulting in lower counts. In contrast, qPCR is based on DNA, and therefore, all cells would be counted, even if they are not active. In addition, the extraction of cells from the sediment for FISH could cause considerable losses. However, additional sonication used to estimate losses due to our extraction protocol yielded only 21% more cells. The true extraction efficiency is still unknown. Nevertheless, DAPI counts in littoral and profundal sediments of Lake Constance in the present study were comparable with those of previous studies of the littoral sediment; in these studies, 4 ϫ 10 8 to 8 ϫ 10 8 bacteria per g of sediment (wet weight) were detected, whereas in the profundal sediment, 1 ϫ 10 9 to 4 ϫ 10 9 bacteria per g of sediment (wet weight) were detected (53) . Bacterial numbers detected by qPCR were a bit higher than those detected earlier in the case of the littoral sediment and in the same range as that of the profundal sediment (53) . qPCR designed to amplify type II MOB was not successful, suggesting that type II MOB were present in low abundance. The type I MOB qPCR assay also showed that type I MOB represented a major proportion of total MOB in terms of copy numbers. Various molecular approaches used so far, i.e., terminal restriction fragment length polymorphism using the pmoA gene (43, 50) , clone libraries based on pmoA, and the 16S rRNA gene, all have suggested low abundance of type II MOB in the littoral and profundal sediments (50) compared to that of type I MOB. Although all the type II MOB sequences deposited thus far from Lake Constance sediment were covered by the primers (32) , there could be yet-undescribed type II MOB present that were not covered by the existing primer sets. By using another molecular method, FISH, which is not based on PCR, we were able to document the presence of type II MOB which have also been cultivated from this site (12) .
Few studies have focused on determining the abundances of methanotrophs in environments such as sediments and soils (17, 32, 30, 31) . In the profundal sediment of Lake Washington, 10 8 to 10 9 total MOB cells per g (dry weight) have been detected by phospholipid fatty acid analysis and by quantitative slot-blot hybridization (17) . This is within the same range as our qPCR number for profundal sediment (1 ϫ 10 8 cells per g of sediment [dry weight]). FISH and qPCR are the most recent techniques used for the quantification of methanotrophs (40) . Very few quantitative data for methanotrophs based on FISH are available, e.g., data for methanotrophs in rhizoplane soil (22) and Sphagnum peat bogs (19) . In Siberian permafrost regions of the Lena Delta, similar numbers of methanotrophs were counted by FISH (36) . Many freshwater habitats have been shown to be dominated by type I MOB, as observed in our study (6, 17, 21) .
Relating activity to cell numbers. We found low methane oxidation activity in the top 2 cm of the littoral sediment, followed by a zone of higher methane oxidation activity at approximately 2 to 4 cm. This is also the zone where the MOB abundance increased. Thus, we found a good correlation between increased cell numbers and increased methane oxidation activity (Fig. 4A) . In profundal sediment, we observed a slight decrease in abundance of MOB with sediment depth, and a zone of high methane oxidation activity at the sediment subsurface (0.5 to 2 cm) (Fig. 4B) .
The activity of a population is the product of its cell number (population size) and the activity per cell (50) . We applied this concept to our data set. The average methane oxidation rate was estimated in 0.5-cm steps, similar to the sampling intervals in the determination of cell numbers by FISH. Analysis by cell numbers based on qPCR showed similar results. In the littoral sediment, the slope of the double logarithmic plot (log methane consumption rate versus log MOB cell number) was significantly different from zero, but it was not near 1 (0.44 Ϯ 0.10, P Ͻ 0.005, n ϭ 10). Thus, in the littoral sediment, the methane oxidation activity was controlled by changes in population size and by a changed activity per cell. In the profundal sediment, the slope of the double logarithmic plot did not differ significantly from zero (0.13 Ϯ 0.07, P ϭ 0.08, n ϭ 10), indicating that in the profundal sediment, the methane oxidation rate was controlled mainly by a changed activity per cell on March 13, 2020 by guest http://aem.asm.org/ and not by the number of MOB. The uncoupling of activity and cell number in the profundal sediment is probably due to lower growth efficiency. Growth efficiency of bacteria is positively influenced by grazing and nutrient addition (N and especially P) (29, 45) . In the littoral zone, with frequent sediment resuspension, nutrients can be released from deeper sediment layers (27) , which could lead to a higher growth efficiency. Protozoa graze on MOB (42); however, no information on grazing or protozoan abundance in littoral sediments in comparison to that in profundal sediments of Lake Constance is available, and it remains unclear if lower grazing activity in profundal sediment could explain the low growth efficiency. Additionally, in the littoral sediment, maximum ratios of MOB over bacterial numbers (FISH/DAPI) coincided with the zone of high methane oxidation, whereas in the profundal sediment, the ratios decreased with depth, not influenced by the depth distribution of the methane oxidation rate. Ratios of MOB over bacterial numbers determined by qPCR did not show any conclusive pattern, which could be due the fact that these ratios were very low and the method was not sensitive enough to detect the small differences in this range accurately.
Depth zonation of methanotrophs. The high spatial resolution of MOB abundance together with the corresponding methane oxidation activity permitted definition of three zones in the sediment. In the surface zone, both oxygen and methane are present, and methane can be oxidized aerobically by MOB. In the second zone, most obvious in the littoral sediment, most of the methane was actually consumed where oxygen was not detectable. This was also where MOB were most abundant. In the deepest zone (deeper than 3 to 4 cm), we found MOB still in large numbers even though methane oxidation activity was not detectable.
In the littoral sediment, the noticeable disappearance of methane in the absence of oxygen in the second zone is hard to explain; sulfate-dependent oxidation of methane is energetically difficult under the conditions of low sulfate availability and low methane pressure prevailing there (55, 56) . One can argue that the described oxygen profiles were shifted artificially by transport and by the incubation conditions that prevented water flow and wave action at the sediment surface. Thus, in situ, the oxygen would penetrate deeper into the sediment, as has been described repeatedly in studies on sandy marine sediments (46) . However, even with strong illumination of littoral cores, oxygen did not penetrate deeper than 6 mm into the sediment (26) , and in sediment cores incubated in a flume tank, oxygen penetrated to 4-mm depth at most (I. Bussmann, unpublished data). Bioturbation by Tubificidae or chironomid larvae can transport oxygen deeper into the sediment (10), but at least for chironomids, this occurs no deeper than 6 mm (59). Comparisons of microelectrode measurements of oxygen in sediment cores with in situ measurements revealed no significant difference of the oxygen penetration depth for profundal cores; in littoral cores, oxygen penetrated twice as deep in the in situ measurement (33) . Thus, even after correcting for laboratory artifacts and bioturbation, oxygen could be available only in traces at 20-to 30-mm sediment depth, at which we found maximal methane oxidation and maximal numbers of aerobic MOB (Fig. 4A ). By analogy, aerobic methanotrophs in the Black Sea water column are thought to be responsible for methane oxidation at the chemocline, although no free oxygen could be detected at these water depths (57) . Thus, further studies are necessary to check for traces of oxygen in these respective depths or to check if alternatively nitrate could be involved as terminal electron acceptor (47) . In the profundal sediment, the profiles of oxygen and methane distribution showed maximal methane oxidation activity in a sediment layer at a depth of 0.8 to 1 cm, which is only a few mm below the measured oxygen penetration maximum. Again, we have to assume that in situ oxygen penetrated deeper into the sediment than our measurements indicate.
In the deepest zone, MOB were present at high numbers, and they obviously did not oxidize methane at this depth. The presence of aerobic methanotrophs in anoxic zones has been documented several times by MPN counts (21, 52) and by cultivation-independent analyses (15) . These bacteria may be in a dormant state, possibly thriving on endogenous storage material (48) . Nonetheless, they are able to respond quickly to environmental changes (51) when oxygen or other electron acceptors become available again by bioturbation or sediment resuspension.
In sediments of Lake Constance, littoral and profundal type I MOB dominated over type II MOB. In the littoral sediment, the methane oxidation rate was controlled by cell number and activity per cell, while in the profundal sediment, the methane oxidation rate was controlled mainly by changing the activity per cell. For both sediments, we found a depth zonation of MOB, with maximal activities and highest MOB abundance at depth layers where oxygen was not detectable.
